To determine the sensitivity of polymerase chain reaction (PCR) assays for the diagnosis of invasive aspergillosis, results of quantitative culture, PCR-ELISA, and a quantitative LightCycler assay (Roche Diagnostics) of blood and organ specimens of experimentally infected mice and rabbits were compared. By PCR-ELISA, 297 of 379 murine lung specimens were positive, but only 235 of 379 were culture positive. Whereas 64 culture-negative lungs were positive by PCR, Aspergillus was grown from only 2 PCR-negative samples. The PCR assay was 19.4 times more sensitive than culture. None of the 68 blood cultures from mice and rabbits were positive for Aspergillus fumigatus, whereas PCR detected Aspergillus DNA in 17 of 68 blood samples. Quantitative PCR analysis of blood samples showed a fungus load of 10 1 -10 2 cfu/mL of blood. The data confirm the superior sensitivity of PCR for the diagnosis of experimental Aspergillus infections.
Aspergillus fumigatus is an opportunistic pathogenic fungus that causes invasive infections in immunocompromised patients, particularly in leukemic patients and in those undergoing allogeneic stem cell or solid organ transplantation. Therapeutic success depends on early diagnosis and early initiation of antifungal therapy [1] . Recently, polymerase chain reaction (PCR) was successfully used for early detection of Aspergillus DNA in peripheral blood. PCR monitoring of high-risk patients allows early diagnosis of invasive aspergillosis [2, 3] .
The aim of this study was to compare quantitative culture, PCR-ELISA, and quantitative PCR by LightCycler assay (Roche Diagnostics) for detection and quantification of A. fumigatus in specimens obtained from immunosuppressed experimentally infected mice (lung specimens and blood) and rabbits (lung, kidney, brain, and liver specimens and blood). To the best of our knowledge, this is the first time that the sensitivities of culture and PCR assays were directly compared in a defined statistical model. We also evaluated whether the PCR assays are suitable for detection of Aspergillus DNA in blood samples of mice with invasive aspergillosis.
Materials and Methods
Eighty-two Balb/c mice were infected intranasally with 8:55 £ 10 3 A. fumigatus conidia at day 0. Mice were immunosuppressed by subcutaneous injection of cortisone acetate (100 mg/kg) on days 2 1, 0, and þ 1. On day þ 6, blood was obtained under anesthesia through cardiac puncture before the mice were killed by cervical dislocation. Lungs were removed, weighed, homogenized, and serially diluted in sterile saline. Then, all homogenates were divided into 2 identical aliquots. One aliquot was immediately frozen at 280 C until DNA extraction; the other was plated onto Sabouraud agar plates. Plates were incubated for 48 h at 37 C, and colony-forming units were counted [4] .
For statistical evaluation, 379 of 410 samples from 76 mice were analyzed. Thirty-one samples were excluded from the analysis because of contamination of the culture plates with non-A. fumigatus species. Lungs and blood from uninfected mice (n ¼ 10), which lived under identical conditions, were analyzed as negative controls.
To determine the dissemination of A. fumigatus, 8 New Zealand White rabbits were infected through a lateral ear vein with 10 6 A. fumigatus conidia. In this model, extensive infection develops in kidney, liver, lung, and brain tissue. The rabbits were immunosuppressed with a single 200-mg dose of cyclophosphamide and daily 10-mg doses of triamcinolone acetonide. Animals were killed on day þ10 by exsanguination. Lungs, kidneys, brains, and livers and 500 mL of serum were collected aseptically. Tissue homogenates were divided into 2 aliquots, which either were analyzed by quantitative culture (plated onto Sabouraud agar plates and incubated for 48 h at 37 C) or were immediately frozen at 280 C until DNA extraction [5] . DNA extraction, PCR, and post-PCR analyses were done at Tuebingen University Hospital. DNA was extracted as described elsewhere [6] . To monitor for contamination, aliquots of saline were prepared concurrently. For PCR, standard conditions were applied, using 100 pmol of each primer targeting a highly conserved region of the fungal 18S rRNA gene [7] . Amplicons were labeled with digoxigenin-11-dUTP during elongation. To control Taq inhibition, we coamplified genomic mouse DNA, using primers binding in the murine 18S rRNA gene (5 0 -TTC GAG GCC CTG TAA TTG GA  and 5 0 -GTC CTA TTC CAT TAT TCC TAG). Amplicons were detected by PCR-ELISA-based hybridization with a specific biotinlabeled oligonucleotide for A. fumigatus (5 0 -CAT GGC CTT CAC TGG CGT TGG GGG GAA CCA).
We used the LightCycler system (Roche Diagnostics) for quantification, as described elsewhere [8] . Probes binding to a speciesspecific sequence of the 18S rRNA gene of A. fumigatus were labeled with the LightCycler-Red 640 fluorophore and with fluorescein [8] .
For external standardization, we used titrated Aspergillus conidia (10 6 -10 0 cfu/mL of murine blood). Although, addition of conidia to blood does not occur naturally and conidial colony-forming units do not necessarily correlate with mycelial fragment colony-forming units, the system is feasible and highly reproducible. Furthermore, conidia represent the minimal amount of viable fungal cells that can be detected.
On the basis of the maximum-likelihood method, and assuming a Poisson distribution, we estimated the number of fungi for each lung by dividing the sum of colony-forming units for different dilutions by the sum of dilution factors [9] , as follows: N dilutions with dilution factors d n (n ¼ 1; . . .; N) and counts k n (n ¼ 1; . . .; N). According to the Poisson distribution, the likelihood of the observations is then
where l is the number of fungi to be estimated. The maximumlikelihood estimator can be given explicitly aŝ
The observed number of colony-forming units was censored at 150. This censoring was taken into account in the corresponding likelihood ratio by a normal approximation of the Poisson distribution. For each dilution, the expected number of fungi was set to be equal to the product of the estimated number of fungi per lung and the corresponding dilution factor. By use of the maximum-likelihood method, a scaling factor and its 95% confidence interval (CI) for the colony-forming units were estimated on the basis of the PCR results, taking into account that only one-fifth of the extracted DNA was used for PCR analysis. The expected sensitivity of the PCR was compared with the observations after suitable grouping of the regressor variable.
Results
Titration of Aspergillus DNA (10 6 -10 0 cfu) showed a sensitivity of 100 fg of fungal DNA, corresponding to 10 cfu. By adding conidia to blood from uninfected mice, we could achieve a detection limit of 5-10 cfu/mL of blood. This sensitivity corresponded to the sensitivity of a PCR assay done with human blood samples [2, 7] .
In total, 379 murine lung specimens from different dilutions were analyzed. By PCR, 297 samples (78%) showed a positive result, whereas only 235 (62%) were positive by quantitative culture. Sixty-four culture-negative specimens were positive by PCR, but only 2 PCR-negative samples showed a positive culture. All lung samples from uninfected mice remained negative by PCR assays and culture. To compare the results of both assays, a statistical model was fitted in which the probability of a positive PCR result was calculated as a function of the quantity of A. fumigatus colony-forming units found in lung tissue. These results indicated that the PCR assay is 19.4 times more sensitive than detection of fungi by culture (95% CI, 14.8-25.0; P , :0001; figure 1 ).
Blood from 60 of 82 mice was analyzed in both assays. Fifteen of 60 blood samples were positive by PCR. No blood specimen was positive by culture.
In all undiluted murine lung specimens, a coamplification of mouse DNA was achieved, demonstrating that no Taq inhibition was present. Thirty undiluted murine lung specimens that were PCR and culture positive and 10 blood samples that were PCR positive and culture negative were selected for additional LightCycler-based quantification. By quantitative culture, 4 lung specimens showed a fungus load of 10 3 cfu/g, 9 showed 10 4 cfu/g, and 17 showed 10 5 cfu/g, whereas, by LightCycler-based quantification, 6 lung specimens showed a fungus load of 10 3 cfu/g and 12 showed 10 4 or 10 5 cfu/g. Comparison of culture-negative and culture-positive lung specimens by quantitative LightCycler-PCR showed that the fungus burden of culture-negative lung specimens was a mean of 9.6 times lower than that of culture-positive samples.
Blood samples showed a fungus load of 10 1 -10 2 cfu/mL by the LightCycler method (all negative by culture). When we used the LightCycler method to assess the fungus load in lung tissue specimens from animals with a positive or a negative PCR result, lung specimens from mice with PCR-positive blood had a higher fungus load (mean, 17,200 cfu/g; median, 6500 cfu/g) Figure 1 . Sensitivities of polymerase chain reaction assay (gray line) and quantitative culture (black line) for detection of Aspergillus fumigatus in lung tissue as a function of fungi in colony-forming units, as predicted by the Poisson model fitted to the data. than lungs from animals whose blood remained PCR negative (mean, 1300 cfu/g; median, 430 cfu/g).
Cultures of rabbit tissue specimens revealed that 4 of 6 lungs, 2 of 6 kidneys, 4 of 6 brains, and 4 of 6 livers were extensively infected, but none of the 8 blood samples was culture positive. By PCR, 4 of 6 lungs, 5 of 6 kidneys, 6 of 6 brains, 4 of 6 livers, and 2 of 8 blood samples were positive. No significant difference between culture and PCR assay was observed.
Discussion
We have established a protocol for PCR-based detection of A. fumigatus DNA in experimentally infected mice and rabbits. In murine lungs, PCR was 19.4 times more sensitive than the conventional method, a quantitative culture assay. These data are in accordance with our findings in murine histoplasmosis [10] .
In the study described, we demonstrated the significantly higher sensitivity (P , :0001) of a PCR assay, compared with culture, by using a simple statistical model involving only 1 parameter, which allowed for quantifying the gain in sensitivity. When testing lung biopsy samples, a high sensitivity is beneficial, especially if fungal growth is inhibited by immune reactions in host tissues, such as complement activation or a high activity of macrophages and neutrophils.
In vivo, the main portal of entry and site of infection is the respiratory tract [11] . Thus, intranasal inoculation mimics the natural route of infection. After invasion of pulmonary blood vessels, the fungus disseminates to other organs. Disease develops only if the animal is immunosuppressed, since an immunocompetent mouse can clear < 10 8 conidia without developing disease (J.-P. Latgé, personal communication). Invasive pulmonary aspergillosis affects < 15% of bone marrow and solid organ transplant recipients [12] . In 25% of the murine specimens analyzed by PCR, Aspergillus DNA was detectable in the blood, whereas all cultures remained negative. This demonstrates that, in mice infected via the natural route of infection, Aspergillus organisms can be detected in the bloodstream. In these blood samples, the fungus load was relatively low (10 1 -10 2 cfu/mL). This low fungus load corresponds to the fungus load in blood samples from patients with documented invasive aspergillosis, as recently reported by our group [8] . Although the PCR methodology has limitations (e.g., it is technically demanding, does not indicate fungal viability, and is expensive), the assay described detected minimal numbers of fungal pathogens.
Mice were held under identical conditions and were infected with identical amounts of conidia. However, Aspergillus DNA was detected in just 25% of the blood samples. Of interest, mice whose blood became PCR positive showed a mean fungus load in their lungs 10 times higher than that in mice whose blood remained PCR negative. Therefore, there may be a correlation between a high fungus load in the lungs and the presence of fungal DNA in the blood of these animals. In the rabbit model described, animals were infected intravenously with Aspergillus conidia. Fungi disseminated through the blood to different organs. PCR allowed for sensitive detection of fungal DNA in all organs and in blood samples. In humans, blood cultures are rarely positive, even in patients with fatal invasive aspergillosis [13] . Blood vessel invasion by hyphae could be demonstrated histologically, and aspergillosis is often a disseminating infection with > 2 noncontiguous organs involved. The theory that blood may contain substances that inhibit growth of conidia and hyphae is unlikely, because blood agar is an excellent culture medium for Aspergillus species [1] . Modifications of blood culture systems, such as aeration by shaking or adding hydrogen peroxide to prevent low oxygen pressure, have not been associated with increased Aspergillus isolation [1] .
The invasion of blood vessels results in thrombosis, and distal infarction may be a reason for the low sensitivity of blood cultures, since this may reduce blood flow through the affected areas. In addition, immune responses of the host, such as cytotoxic effects and complement reactions, may result in a loss of viability of the fungal cells. Because PCR assays can detect fungal DNA in whole blood specimens and in plasma [14] , it is possible that free DNA and nonviable cell compartments floating through the blood vessels are detected by the PCR assay.
We compared quantitative culture and quantitative PCR in tissue and blood specimens from infected mice and rabbits and confirmed our findings from immunosuppressed patients. PCR assays again showed a superior sensitivity for the detection of Aspergillus organisms in blood and organs when compared with quantitative culture. Real-time PCR also offered a sensitive and fast tool for the quantification of fungal DNA, which is especially beneficial for blood specimen study.
